Objective: To apply genetic analysis of genome-wide association data to study the extent and nature of a shared biological basis between migraine and coronary artery disease (CAD).
the present study. After excluding overlapping samples, the 2 studies consisted of 19,981 cases with migraine vs 56,667 controls, and 21,076 cases with CAD vs 63,014 controls. A proportion of the migraine cases were phenotyped in sufficient detail to allow subclassification into MO (6,413 cases, 32,745 controls) and MA (4,940 cases, 37,557 controls). In addition, individual-level genotype data were available for a proportion of the migraine cohorts (6,350 migraine cases vs 15,069 controls from the German MA and MO cohorts, Dutch LUMINA study, Finnish MA study, and the HUNT Study, Norway). All data sets were imputed by using the HapMap release 21 or 22 as reference. An overview of the study design and the included cohorts is given in figure 1. A detailed description of samples, genotyping, and association analyses is given in e-Methods, tables e-1 and e-2, and figure e-1 at Neurology.org/ng.
Standard protocol approvals, registrations, and patient consents. For all study cohorts, participation was based on informed consent. Each study was approved by local research ethics boards in the country where the study cohort was collected. See original publications of the 2 studies for full details of ethics and consent procedures. 12, 13 Analytic approach. Evaluating extent of overlapping signals.
To assess whether more association signals were shared between the migraine and CAD studies than would be expected by chance, we used a set of 2,342,101 overlapping SNPs that were directly typed or imputed in both studies. Following the same procedure as described in a previous study, 14 we first sorted the SNPs by association p value to migraine. Starting from the top of the list, all subsequent SNPs with linkage disequilibrium (LD) r 2 . 0.05 (based on HapMap CEU release 27) were removed. This process was repeated until a set of 92,654 SNPs in approximate linkage equilibrium remained. For each of 5 separate p value cutoffs (1 3 10 22 , 1 3 10 23 , 1 3 10
24
, 1 3 10 25 , and 1 3 10 26 ), we counted the number of SNPs above and below the cutoff in each of the 2 studies, resulting in one 2 3 2 table for each p value cutoff. The Fisher exact test was used to estimate deviation from the expected distribution, and false discovery rate correction was performed on all 6 tests using the p.adjust function in R. 15 A corrected Fisher p , 0.01 was taken to indicate an excess of overlapping signals. In order to obtain a more robust estimate of the significance of the observed overlap, this was also assessed through permutations. In each permutation cycle, the relation of p values to SNPs was randomized within each of the LD-pruned migraine and CAD data sets, and a Fisher p for overlap was calculated for each p value cutoff. We generated 100,000 permutations to produce an empirical null distribution of p values.
In an equivalent manner, secondary analyses were performed for MO (83,373 overlapping SNPs after LD pruning) and MA (88,031 overlapping SNPs after LD pruning).
Polygenic risk score analysis. If shared genetic risk variants are in part or fully responsible for comorbidity between migraine and CAD, we would expect an accumulation of CAD risk alleles in migraineurs. To test this hypothesis, we used the 6 migraine cohorts in which individual-level genotype data were available for analysis (6,350 migraineurs vs 15,069 controls; figure 1). For each migraine case or control, we calculated a CAD polygenic risk score based on a previously published method. 16 We first generated 3 sets of CAD risk SNPs by selecting SNPs with strong (p , 5 3 10 28 ; 149 SNPs), moderate (p , 1 3 10 24 ; 1,631 SNPs), or weak (p , 1 3 10 22 ; 36,384 SNPs) association to CAD among the 2,342,101 SNPs with information in both migraine and CAD studies. As suggested in the original description of the method, 16 the analysis was based on non-LDpruned SNP sets in order to optimize sensitivity. Using each set of CAD risk SNPs, we calculated a per-individual CAD polygenic risk score by summing the number of CAD risk alleles (or expected allele counts for imputed SNPs), each weighted by the log odds ratio from the CAD study. We subsequently assessed whether CAD polygenic risk score was associated with migraine status by applying a logistic regression model of the effect of CAD polygenic risk score (continuous) on migraine status (case, control), adjusted for sex and dummy-coded covariates representing the 6 individual migraine study cohorts.
Identifying shared risk loci. In order to identify shared risk loci between migraine and CAD, we applied a novel method, Cross-Phenotype Spatial Mapping (CPSM; see e-Methods for an overview). This method compares 2 sets of p values from GWAS in order to find groups of SNPs at which they are correlated and thus identify shared patterns of association. We applied this method to the 2,342,101 overlapping SNPs from the migraine and CAD studies and selected genomic regions with signal above the 99.95th percentile of 1,000 permutations for further analysis. Potential effects of the shared association loci on regional gene expression (cis effect) were examined using an existing expression quantitative trait locus database from peripheral blood 17 (e-Methods). Lastly, we analyzed loci with previously reported genomewide significant association to migraine or CAD (summarized in the original publications). 12, 13 The lead SNP at each locus was cross-analyzed for association to the other phenotype, Bonferroni correcting for the number of SNPs tested. All 13 of 13 reported migraine loci and 22 of 25 reported CAD loci were available in our data set and could be tested (excluding CAD risk SNPs rs17465637, rs1746048, and rs12413409). 
RESULTS

25
, and 1 3 10 26 ), while no overlap was seen between MA and CAD at any of the p value cutoffs. The direction of effect for overlapping association signals did not consistently agree between migraine and CAD, as evidenced by nonsignificant binomial p values for concordance (table 1) .
To examine this further, the second analysis compared the load of genetic risk variants for CAD between migraineurs and controls, using individuallevel data. The results indicated that a high CAD polygenic risk score was associated with a reduced risk of migraine (figure 2, further details in table e-4). For migraine overall, this association was seen for only the moderate CAD risk SNP set (p 5 0.007). Secondary analyses revealed a similar, but more pronounced, association between CAD polygenic risk score and for the moderate and strong CAD risk SNP sets, respectively). No association was seen for MA. In the analysis of the weak CAD risk SNP set, there was no association to CAD genetic risk score for either migraine category, indicating that the observed associations were driven by a fairly limited number of loci that are at least moderately associated with CAD. These findings were consistent across men and women (figure e-2) and across individual independent cohorts within the same migraine subtype (figure e-3).
CPSM yielded 16 loci that overlapped between migraine and CAD (table 2; figure e-4). Details of the most significant migraine and CAD SNPs at each locus are given in table e-5. The strongest evidence of shared association was seen at 6p24 (locus no. 1 of table 2), where both CAD and migraine showed genome-wide significant signals within the PHACTR1 gene (CAD: rs4714955, p 5 9.8 3 10
211
; migraine: rs9349379, p 5 5.9 3 10 29 ). The second strongest overlapping signal was on 17q21 (locus no. 2), where the lead CAD SNP (rs46522, p 5 2.6 3 10
27
) was intragenic in UBE2Z, whereas the lead migraine SNP (rs11079844, p 5 3.1 3 10 25 ) was intergenic between SNF8 and GIP. It is interesting that both lead SNPs are in high LD (r 2 . 0.9) with 2 functional variants in GIP: Ser103Gly (rs2291725) and a splice site variant (rs2291726) that is predicted to lead to a prematurely truncated transcript 18 (table e-6). The locus was also found to have a potential effect on the expression level of UBE2Z (table e-7). Lead SNPs in 5 loci were in high LD (r 2 . 0.8) with nonsynonymous or splice site variants in nearby genes (table e-6). Ten of the 16 loci showed opposite direction of effect for migraine and CAD. In the secondary analyses, 12 of the 16 lead migraine SNPs had a lower association p value in MO than in MA (2-tailed binomial p 5 0.08), and all 16 SNPs Neurology: Geneticshad the same effect direction in each of the 2 migraine subtypes. Local Manhattan plots and covariance plots for the identified loci are given in figure e-4. When considering previously reported risk loci for migraine and CAD, 3 CAD risk SNPs were associated to migraine at study-wide significance, and 2 migraine risk SNPs were associated to CAD (table 3) . These correspond to loci no. 1, 2, 3, 11, and 14 as identified by the CPSM method and corroborate the evidence for shared genetic risk at these loci. DISCUSSION In this study, we used data from 2 recently performed large-scale nonoverlapping GWAS to examine shared genetic risk between migraine and CAD. We found that association signals overlapped in excess of what would be expected by chance. Stratifying by migraine subtype further revealed that MO and MA behaved differently. MO had a genetic overlap with CAD, whereas MA did not. These results are unexpected, given the epidemiologic evidence that comorbidity with CAD is more common in MA than MO. Patients with MA were found to have a 2-fold increased risk for CAD 8, 10 and an increased risk for CAD-related mortality, 9, 11 although one crosssectional study failed to find an association between CAD and any migraine subtype. 19 Studies not differentiating on migraine subtype have been less conclusive, with some 8,9,20,21 but not others 19, 22 indicating an increased risk of CAD related to migraine overall. For MO, we found a clear overlap of association signals with CAD, whichever p value cutoff was used to define signals. Intriguingly, the impact was in the opposite direction, in that patients with MO had a lower load of CAD risk alleles than migraine-free controls. This association seemed to be driven by a limited number of loci. Only a proportion of the included migraine patients were phenotyped in sufficient detail to allow subclassification into MA or MO. When using the considerably larger set of all migraine patients, a similar association was seen as for MO, likely driven by this migraine subtype. While the results suggest that there are shared common risk variants between migraine and CAD, they do not indicate that these variants explain comorbidity between the 2 disorders.
The opposite direction of effect for some of the loci is consistent with a recent GWAS in which the migraine and CAD risk SNP rs9349379 (in PHACTR1) was associated with cervical artery dissection, with effect in the same direction as for migraine but opposite of CAD. 23 Two further migraine SNPs showed evidence of association to cervical artery dissection with the same effect direction as for migraine (rs11172113 in LRP1 and rs13208321 in FHL5, the latter identified as locus 3 in the current study) but opposite direction for CAD.
The significant sharing of risk loci between migraine and CAD may reflect that they involve some of the same biological processes. Experimental studies will be needed to clarify this and whether the shared risk loci can give information on vascular mechanisms involved in migraine pathogenesis.
The lack of overlapping association signals between MA and CAD may indicate that the 2 disorders have separate and nonrelated genetic backgrounds. However, it may also result from insufficient power to detect shared common genetic risk factors for this migraine subtype. This is consistent with the relative failure so far in identifying common risk variants for MA; despite at least as high heritability and comparable study sample sizes, only one genome-wide significant locus has been identified for MA, compared to 9 for MO. 12, [24] [25] [26] [27] It is possible that MA is a more heterogeneous disorder or is influenced by rare and low-frequency variants not captured by current imputation panels. 12, 28 Larger studies that also interrogate rare variants will be needed to determine the genetic basis of MA and its potential overlap with cardiovascular disease.
Six of the overlapping loci have previously been associated with CAD at genome-wide significant levels (loci 1, 2, 4, 7, 8, and 9 of table 2), 13, 29 and 2 with migraine (loci 1 and 3) . 12, 25 The strongest overlapping region (locus 1) is entirely intragenic in PHACTR1 (which encodes phosphatase and actin regulator 1 protein). This locus is associated with both migraine and CAD at genome-wide significant levels in the current and previous studies 13, 25, 30 and has also been associated with coronary artery calcification and stroke. 31, 32 PHACTR1 is highly expressed in the brain, and its transcript is an important regulator of synaptic activity and dendritic morphology through the control of protein phosphatase 1 and actin binding. 33 More recently, PHACTR1 has been identified as a key regulator of endothelial function, including endothelial cell survival and angiogenesis, 34 and it is associated with altered vasomotor tone. 35 Both endothelial and vasomotor dysfunctions have been implicated in migraine, 36, 37 and this locus offers a potential focus for future studies. Alternatively, the pleiotropic effects of this gene on both synaptic and vascular functions may give rise to independent causal pathways for the 2 disorders.
The second strongest overlapping region (locus 2) is a previously identified risk locus for CAD. 13 The lead CAD (rs46522) and migraine variants (rs11079844) are in strong LD (r 2 5 0.94), and both are in strong LD (r 2 . 0.90) with 2 potentially functional variants in GIP (which encodes gastric inhibitory polypeptide). GIP regulates glucose-induced insulin release from pancreatic b-cells and helps resensitize the insulin response. 38 It is also expressed in the brain, where it may be involved in proliferation of neuronal progenitor cells. 39 Whether GIP is involved in the observed tendency for insulin resistance and metabolic syndrome in migraineurs should be investigated. 40 Strengths of this study include the use of largescale nonoverlapping GWAS of migraine and CAD, stringent quality control measures, and sufficiently rich phenotyping to allow secondary analyses of the 2 migraine subtypes. Nevertheless, some limitations should also be acknowledged. First, only summary statistics and not individual-level genotype data were available for the majority of the samples included in this study. Second, in each included cohort, phenotype information was available on only migraine or CAD, not both. This prevented us from performing Only SNPs with significant association to the other phenotype after Bonferroni correction are shown (p , 0.0038 for previously reported migraine loci in the CAD sample, and p , 0.0023 for previously reported CAD loci in the migraine sample). p values may differ from those reported in the original studies since overlapping samples were excluded in the current study.
a Direction of effect: SNPs with the same effect direction for association to CAD and migraine are marked as plus (1), opposing effect direction is marked as minus (2).
b Significant cross-phenotype p value.
more in-depth analyses, including analysis for potential gene-gene interactions or identification of CAD risk loci specific to migraineurs. Third, considerable effort was devoted to the careful avoidance of shared controls between studies, and stringent quality control measures within each data set were enforced to reduce the risk of spurious effects resulting from biases within the data sets. Nevertheless, we cannot rule out subtle biases that could affect the current results. Two such concerns are the effects of migraine on survival and the possibility that migraineurs may be more likely to seek medical treatment and therefore be under closer surveillance with regards to other disorders. Future efforts should aim to replicate these findings in sufficiently large prospective data sets where both phenotypes are measured in the same individuals.
Our study provides novel insights into the relationship between migraine and CAD. Intriguingly, and unexpectedly, there was no genetic overlap between MA and CAD, for which epidemiologic studies suggest comorbidity, but there was compelling evidence for a genetic overlap between MO and CAD, where the impact of risk variants overall was in opposite direction for the 2 disorders. The results do not demonstrate that shared common genetic risk factors drive comorbidity between the 2 disorders. However, dissecting the mechanisms underlying the shared risk loci may improve our understanding of both disorders.
